Abstract: Enhanced and directional transmission through a slit surrounded with grooves in a conducting plane is investigated. A boundary-value problem of electromagnetic wave scattering from a slit surrounded with a finite number of rectangular grooves on both surfaces in a conducting plane is rigorously solved based on the eigenfunction expansion, Fourier transform and mode matching method. The radiated power density and the transmission coefficient are represented in a series. Computation is performed to illustrate the transmission behaviours in terms of the groove geometry.
Introduction
Electromagnetic scattering from slits or grooves in a conducting plane is a canonical problem in electromagnetic theory [1] [2] [3] . Recently, there have been extensive studies on the extraordinary optical transmission through subwavelength slits surrounded with surface corrugations [4] [5] [6] [7] [8] [9] . The enhanced optical transmission through slits surrounded with the surface corrugations results from the surface plasmon polariton (SPP) resonance [5] in the input surface corrugations and the slit waveguide modes (or Fabry-Pérot-like modes) [6] . The directional optical transmission through slits surrounded with the surface corrugations [7] [8] [9] is because of the SPP resonance in the output surface corrugations. In fact, the SPP modes are the special transverse magnetic surface wave modes in optical region, which are supported along a metal surface, but the SPP-like modes (spoof SPP or designer SPP) in the micro/ millimetre wave regimes, which are bound electromagnetic surface waves mimicking the SPP modes in optical region, can be sustained even by a perfect conductor, provided that its surface is periodically corrugated [10] [11] [12] [13] [14] . The extraordinary transmissions through subwavelength slits surrounded with surface corrugations in microwave and milimetrewave regimes have been also investigated experimentally and numerically [15] [16] [17] [18] [19] [20] . The transmission enhancement in microwave and milimetrewave regimes is associated with the slit waveguide mode and the SPP-like modes in the input surface corrugations. The directional transmission in microwave and milimetrewave regimes is because of the SPP-like modes in the output surface corrugations. However, previous analytical studies [4, 5] have considered only the fundamental modes in slits and corrugations or the periodic corrugations or grooves, but the full-wave analysis including higher order modes has not been presented. The previous works have suggested that the optimal transmission properties of these structures can be achieved when the slit depth ≃ nl/2, the groove periodicity ≃ l and the groove depth ≃ 2n + 1 ( )l/4, but the size of the groove width has not been provided explicitly, either. Therefore it is of interest to rigorously solve the scattering from a slit surrounded by a finite number of corrugations or grooves on both surfaces in a conducting plane. The motivation of the present paper is 2-fold. One is to present a theoretical model of a slit surrounded by rectangular grooves on both surfaces in a conducting plane considering the fundamental and higher order modes. The other is to investigate the effects of the spoof SPP modes on the transmission and to estimate the optimum groove width that makes the transmission enhancement maximum. In this paper, we shall solve the electromagnetic boundary-value problem of a slit surrounded by rectangular grooves on both surfaces in a conducting plane considering the fundamental and higher order modes based on the Fourier transform, eigenfunction expansion and mode matching method. The radiated power density and the transmission coefficient are represented in a series and computed in terms of the groove geometry to illustrate the transmission behaviours. Also, the effect of the groove width on the transmission behaviour is discussed and the optimum groove width that makes the transmission enhancement maximum is estimated.
Field analysis
Assume that a TM-polarised plane wave impinges on a slit surrounded with 2N u and 2N l finite number of rectangular grooves on both surfaces in a conducting plane, respectively, as shown in Fig. 1 . The dielectric constants of regions I, II III, IV and V are ε 1 , ε 2 , ε 3 , ε 4 and ε 5 , respectively. A time convention of e − iωt is suppressed throughout the analysis. In region I(z > 0), the total electromagnetic field consists of the incident, reflected and scattered components. The incident and reflected components are
where 2, 3, 4, 5) . Let us represent the scattered components based on the Fourier transform as
where
In region II-( j) ( jT u − w u < x < jT u + w u , − d u < z < 0), the electromagnetic field takes the form of
where m 2 indicates the order of eigenmodes in the region II-( j)
where m 3 indicates the order of eigenmodes in region
. In region
, the electromagnetic field is given by
where m 4 indicates the order of eigenmodes in the region IV-( j) . In region V(z < -h), we express the electromagnetic field based on the Fourier transform as (12) where
To obtain the simultaneous equations for modal coefficients A , we enforce the boundary conditions at z = 0 and z = -h. The tangential electric field continuity at z = 0 and z = -h require, respectively
Taking the Fourier transform to (13) and (14) yields, respectivelyH
. The derivation procedures are summarised in Appendix 1. The continuities of tangential magnetic field at z = 0 are
For further simplification, it is convenient to use the orthogonality of eigenfunction, which is summarised in Appendix. SubstitutingH (17) and applying the orthogonality of eigenfunctions to (17) gives
Similarly, substituting into (21) and applying the orthogonality of eigenfunctions to (21) gives
+ a n B n 3 a
Using the residue integral technique [21] , we can calculate (19) , (20), (23) and (24). The continuity of tangential magnetic field at z = -h yields of eigenfunctions to (25) gives a n 3 B n 3 cos j n 3 h −C n 3 sin j n 3 h a (27) and applying the orthogonality of eigenfunctions to (27) gives
It is possible to solve a set of the simultaneous (18), (22) 
Numerical results
The radiated power density (time-averaged Poynting vector) from a slit surrounded by grooves in the far zone is
and η 5 is the wave impedance in region V. To check the validity of our formulation, we plot the normalised radiation intensity at θ t = 0°against frequency as shown in Fig. 2 . We assume that each truncation number of three mode expansions in the regions II-( j), III and IV-( j) is the same as M, since the sizes of the slit and grooves are the same.
Our experience indicates that the modal orders to acquire numerical convergence should be those of propagating modes plus a few evanescent modes. Therefore the truncation number used in the computations is M = 4, including one propagating mode [transmission electron microscopy transverse electromagnetic (TEM) mode] and three evanescent modes (TM 1 , TM 2 and TM 3 modes) in the slit and groove to achieve convergence to within 0.5%. Table 1 shows the convergence behaviours of the modal coefficients. The comparison between our result (N u = 14 and N l = 14) and measurement data [17] generally show a good agreement. It is seen that the radiation intensities at θ t = 0°in the cases with grooves are larger than that in the case without groove around 14.5 GHz because of the SPP-like modes excited by the grooves. Fig. 3 illustrates the radiation intensity enhancement factor, which is the ratio of radiation intensity with grooves to that without grooves, against transmitted angle θ t . Note that the truncation number used in the computations of Fig. 2 through Fig. 8 , except for Fig. 7 is M = 4, including one propagating mode (TEM mode) and three evanescent modes (TM 1 , TM 2 and TM 3 modes) in the slit and groove to achieve convergence to within 0.5%. Electromagnetic wave radiated from a subwavelength aperture is normally diffracted in all directions based on diffraction theory. However, if the slit is surrounded with grooves on the output surface, the main lobe at θ t = 0°becomes narrower because of the SPP-like modes. It is seen that radiation intensity enhancement factors in the cases with grooves on both surfaces and the output surface have a narrower main lobe than the others. Also, the grooves of the input surface enhance the radiation intensity over all directions. Fig. 4 depicts the radiation intensity enhancement factor against transmitted angle θ t for different groove geometries. As the distribution of grooves on the output surface becomes asymmetric, the maximum radiation is oriented in the direction of the transmitted angle ≃ − 1.6
• because of the asymmetric distributions of the SPP-like modes in the left and the right grooves. Also, the grooves of the input surface enhance the radiation intensity. Therefore we can obtain the enhanced and directional transmission through a slit in a conducting plane by surrounding it with grooves on both surfaces. www.ietdl.org Fig. 5 shows the contour plot of radiation intensity enhancement factor at θ t = 0°against frequency and groove width. It is interesting to note that radiation intensity becomes maximum when the groove width has an optimum value. This is because the magnitude of the SPP-like modes becomes maximum when the groove width has an optimum value, which could be estimated based on Floquet's theorem in the periodic grooves. The reflectance of the periodic grooves is given in [22] as
and k z, n = k 2 − k 2 x, n . We can see the radiation intensity enhancement factor at f = 13.8 GHz is maximum at 2w u = 2w l = 1.2 mm in Fig. 5 . It can be shown that the reflectance is minimum under the same conditions using (30). This is because the magnitude of the SPP-like modes becomes maximum when the reflectance from the grooves is minimum. We can determine the optimum groove width finding w such that [(∂R)/(∂w)] = 0 in (30). Note that it was shown in [18, 19] that the optimal transmission properties of these structures can be achieved when the parameters, except the groove width are chosen as follows: Fig. 6 illustrates the transmission coefficient against frequency for four different groove geometries. The transmission coefficient t is defined as the ratio of the time-average power transmitted through a slit to the time-average power incident on the slit as follows (2N u = 2N l = 14) of Fig. 2 at f = 14.5 GHz where the superscript * indicates the complex conjugate. It is seen that the transmission coefficients in all cases are enhanced around f = 8.8 and 18.5 GHz because of slit waveguide modes. We can find that the transmission coefficient is also enhanced around f = 13.8 GHz in the cases with grooves on the input surface and on both surfaces. This is because the SPP-like modes excited from the input surface grooves enhance the transmission. It is of great importance to investigate the effect of higher order modes on the transmission coefficients. Towards this purpose, Fig. 7 shows the transmission coefficient against groove widths of both surfaces (i) by considering only a fundamental mode and (ii) by considering the fundamental mode plus higher order modes. When the groove size is much larger than the slit size, we consider two propagating mode (TEM mode and TM 1 mode) and three evanescent modes (TM 2 , TM 3 and TM 4 modes) in the groove and one propagating mode (TEM mode) and three evanescent modes (TM 1 , TM 2 and TM 3 modes) in the slit to achieve convergence to within 0.5%. It is interesting to note that the transmission coefficient has two peaks around 2w u = 2w l = 1.2 mm and 2w u = 2w l = 11 mm. The peak around 2w u = 2w l = 1.2 mm is the same as that of Fig. 5 because of the maximum SPP-like modes. On the other hand, the peak around 2w u = 2w l = 11 mm is because of the excitation of the first higher-order mode TM 1 that becomes propagating modes when w u equals to 10.8696 mm at f = 13.8 GHz. It is interesting to note that the result of M = 2 (TEM + TM 1 modes) is almost identical to that of M = 5 (TEM + TM 1 + TM 2 + TM 3 + TM 4 modes). This means that the second peak is because of the first-higher mode, TM 1 mode. Note that the comparison between our result of higher-order modes and simulation result using CST microwave studio generally shows a good agreement, whereas the second peak of the fundamental mode deviates from that of the higher-order mode and the simulation result. Therefore the effect of higher-order modes should not be neglected, as the groove width increases. This result shows the importance of considering higher-order modes in modal analysis associated with slits surrounded with grooves.
To verify the existence of the SPP-like modes excited by the surface patterning surrounding a slit, we plot the ratio of the time-averaged Poynting vector towards x-direction S av-x (x, z) near the conductor surface (z = 0.5 mm) to the magnitude of the time-averaged Poynting vector of the incident plane wave |S av − in | for the cases of a slit with or without grooves in Fig. 8 . Note that the comparison between our results and the result of CST microwave studio generally shows a good agreement. It is interesting to note that the time-averaged Poynting vector is zero in the case without grooves, whereas the time-averaged Poynting vector is non-zero in the case with grooves because of the SPP-like modes. It is seen that the time-averaged Poynting vector is positive near the left side of the slit and the time-averaged Poynting vector is negative, where the right side of the slit. This means the SPP-like modes propagate towards the slit near the slit, thereby making the enhanced transmission.
Conclusion
The electromagnetic boundary-value problem dealing with a slit surrounded with a finite number of rectangular grooves on both surfaces in a conducting plane has been rigorously solved based on the Fourier transform, eigenfunction expansion and mode matching method. Radiated power density and transmission coefficient were represented in a series. Computation was performed to illustrate the enhanced and directional transmission behaviours associated with the SPP-like modes and slit waveguide modes in terms of the groove geometry. Also, the effect of the groove width on the transmission and radiation pattern was discussed and the optimum groove width was determined. Our theoretical formulation is useful to estimate the enhanced and directional transmission characteristics through apertures surrounded by surface corrugations in a conducting plane and also finds its practical applications in aperture antennas and frequency selective surfaces. Equating these two equations, we can obtain a continuous modeH Similarly, taking the Fourier transform to (14) gives 
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Orthogonality of eigenfunctions
The orthogonality of eigenfunctions used in the derivations of (18), (22) , (26) and (28) is as follows (see equations at the bottom of the page)
tT u +w u tT u −w u cos a m 2 x + w u − tT u cos a n 2 x + w u − tT u dx = a www.ietdl.org
